Deep X-ray lithography on PMMA resist is used in the LIGA process. The resist is exposed to synchrotron X-rays through a patterned mask and then is developed in a liquid developer to make high aspect ratio microstructures. The limitations in dimensional accuracies of the LIGA generated microstructure originate from many sources, including synchrotron and Xray physics, thermal and mechanical properties of mask and resist, and from the kinetics of the developer. This work addresses the thermal analysis and temperature rise of the maskresist assembly during exposure in air at the Advanced Light Source (ALS) synchrotron. The concern is that dimensional errors generated at the mask and the resist due to thermal expansion will lower the accuracy of the lithography.
Introduction
Deep X-ray lithography on PMMA resist is used in the LIGA process. The resist is exposed to synchrotron X-rays through a patterned mask and then is developed in a liquid developer to make high aspect ratio microstructure molds. The limitations in dimensional accuracies of the LIGA generated microstructure originate from many sources, including synchrotron and Xray physics, thermal and mechanical properties of mask and resist, and from the kinetics of the developer. Since high temperatures can generate dimensional errors due to thermal expansion on both the mask and resist and thus lower the accuracy of lithography, this work discusses only the thermal behavior and temperature rise of the mask-resist assembly during exposure, and focuses on the time-temperature behaviors of the mask and resist. The mask-wafer assembly consists of a silicon mask plate, a gold absorber, a PMMA resist, a silicon substrate, three metal plate holders (aluminum front and back plates, stainless steel mid plate), as shown in Figure 1 , and a water-cooling block attached to the back plate (not shown in the figure). The front plate is the mask holder, and the back plate is the resist holder. The assembly has eight contact interfaces and one inner cavity of air enclosed by five materials.
Two nitrogen jet arrays are used to cool the exposed mask area during the X-ray exposure.
The assembly temperature rise is due to X-ray absorption that generates heat. Due to the gradual decrease of X-ray intensity along its transmitted path and the different absorption coefficients, the mask absorbs about 50 times the X-ray dose that the resist absorbs. Therefore, it seems that the mask plate would have high temperature rise while the resist may have negligible temperature rise considering the higher specific heat of PMMA. However, the heat transfer can exchange and redistribute the heat energy among the assembly components.
In addition, the three metal plates could become the important thermal conduction paths between the components and are also exposed to either incident or transmitted X-rays. Therefore, the thermal analysis needs to be performed on the whole assembly in order to quantitatively determine temperature profiles in the assembly.
We completed a thermal analysis on a LIGA mask-wafer assembly exposed in air at the beam line 3.3.2 of ALS (Advanced Light Source of Lawrence Berkeley Laboratory) by developing a three-dimensional finite-element model of the assembly. We employed the LIGA exposuredevelopment software LEX-D (V7.54)[ I] to calculate the X-ray absorption dose rate in the assembly, which serves as a volumetric heat source in the assembly. We used the commercial software ABAQUS (V6.3) [2] to calculate the heat transfer due to this heat source, including heat fluxes inside and across the material interfaces due to thermal conduction, heat loss at the assembly outer surface due to natural and forced convection, and thermal radiation, as well as heat exchange in the inner cavity due to thermal radiation. The results were compared with the experimental temperature measurements for the mask-resist assemblies under X-ray exposure at the ALS 3.3.2 beam line [3] .
LlGA Exposure at ALS
The X-ray exposure of mask-resist assembly samples is conducted at ALS Beam line 3.3.2, a bend magnet beam line. In the A L S , electrons circulate in the storage ring and radiate photons, as sketched in Figure 2 . Beam energy is typically 1.894 GeV. The emitted photon fan has 7 m a d of horizontal angle, so at a beam length distance of 18.1 m, the beam window is 10.94 cm wide (horizontal acceptance) and 1.16 cm high. The vertical output power profile from the beam is Gaussian and the total power output is 38.26 mW/mr/mA with photon energy range from 1 to 20 keV.
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Vemcal beam The average operation beam current density is about 280 mA, from a periodic pattern, i.e., beam current decreases from 400 mA down to 180 mA in 8 hours. More details can be found in the Appendix.
The X-ray scanner for the 3. Geometry of the Mask-Resist Assembly Figure 5 is a sketch of the assembly, its seven pieces, and the cross section view. For numerical simplicity, the half exposure and half masked pattern are assumed for the mask absorber, and the O-rings and screws connected those pieces are not included in the simulation, since we are mostly interested in the maximum temperature instead of local temperature distribution. Seven contact interfaces and an inner cavity can be identified in the cross section view. The two unique interfaces are 1) the interface between silicon mask and gold absorber where gold absorber is electrodeposited to silicon mask plate, 2) the interface between PMMA and silicon substrate where PMMA is attached to the substrate. The three metal plates-aluminum mask holder (front plate), stainless steel mid-plate, and aluminum resist holder (back plate)-do not have contact with PMMA, but do have contacts with all other components: the outer edge of gold absorber touches the mid-plate front; the silicon mask plate is pressed on with an O-ring in the mask holder back; the silicon substrate is also pressed on with an O-ring in the midplate back; the silicon substrate is in full contact with the resist holder; the back of mid-plate touches the resist holder; the resist holder is in full contact with the water-cooling block(not shown here). The inner cavity is bounded below by the resist and above by the absorber (masked region) and mask plate (open region), and surrounded by the mid-plate. Eight screws (0.096" dia) connect the three holders circumferentially at their outer edges. Assembly Exposure Zone Layout Figure 6 is the top view of the scanned region on the assembly showing the beam window moving up and down relative to the wafer; here, a typical scan length of 8.2 cm is used. The Seven different exposure zones can be identified from the scanned assembly area and the sample assembly layout, each of which has distinct exposure layer layout and needs a Separated absorbed dose rate calculation. Zones 1-3 are fully exposed, zones 4-7 are partially exposed due to the size of beam window and scan length. The designed exposure region is the central circular region (2.7 inch in diameter) that further divides into open and masked regions (zone 1 and 2) depending on the absorber pattern. Exposure of zones 3 to 7, from the front plate and below, only adds up the heat energy due to X-ray absorption. The zone 3 inner edge is the front plate inner edge, while the outer edge of zones 3,4,5,6 are up to the mask edge, the PMMA edge, the substrate edge, and the holder's edge, respectively. Zone 7 is the four-comer region outside zone 6. 
Air/
The cross section view of the detailed exposure zone layout (not to scale) is shown in Figure  7 . In the figure, the left boundary is the sample centerline, and the radius direction R is horizontally pointing to the right. Here, the exposure path from synchrotron X-rays, filters (yellow region), and mask-wafer assembly (in blue-lined rectangular box) are shown including each path length (layer thickness or cavity distance) and horizontal exposure range (in diameters). On the left of the assembly, mask, aidabsorber, cavity, resist and substrate are identified in blue labels, and the front plate, mid plate and back plate are denoted inside the layers. Note that the mid plate consists of three connected stainless steel boxes. The column nearest to the centerline is zone 1 & 2 that are the zones for designed LIGA exposure. All other zones exposed fully or partly are located further from the centerline. 
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X-Ray Absorbed Dose Rate in the Assembly
Sandia-developed LIGA exposure and development software LEX-D V7.54 was used to calculate X-ray absorption in materials for seven exposure zones during synchrotron X-ray exposure. These volumetric heat sources generate heat fluxes inside the assembly by thermal conduction and transferring heat outside of the assembly by thermal convection, and thermal radiation. Table 2 lists the calculated average and top absorption dose rates (w/m') in each material for all exposure zones including filters based on a mean current of 280.5 mA. The data after each material is its thickness (in microns). Intentionally Lefr Blank
Thermal Analysis of the LlGA Resist Exposure
Once the heat sources resulting from the X-ray absorption are known, temperatures in the assembly due to these heat sources and the heat transfer in the assembly can be determined. Assembly heat transfer includes various mechanisms: thermal conduction transports and redistributes heat energy generated inside the assembly through all interfaces and the air inside the cavity; forced convection due to the cooling nitrogen jets carries heat energy away from the mask surface; forced convection due to the hutch ceiling fan moves the air over assembly surfaces; natural convection due to buoyancy at the front plate surface may not be ignored since the wafer scanner scans vertically; thermal radiation in the inner cavity exchanges heat among participating surfaces; thermal radiation radiates heat to the surroundings on all outer surfaces of the assembly. Figure 8 is the cross section of the assembly including the water block attached on the back of the back plate. We would expect that temperature rise of the mask would be caused by absorption of X-rays, both directly incident on the mask and transmitted through the mask holder. The temperature rise on the resist PMMA can result from transmitted X-rays, heat fluxes conducted from cavity air, silicon substrate, and radiated from cavity surfaces including the bottom surfaces of absorber (masked region) and mask (open region), and the inner and partial bottom surface of mid-plate. Detailed calculations must be performed to quantitatively determine the contribution of each mechanism to the overall heat flow in the composite assembly.
Incident X-rays I Table 3 presents the material thermophysical properties of seven materials used. As shown in Table 3 , the PMMA thermal diffusivity is almost three orders of magnitudes smaller than that of silicon. This means that the time required for the PMMA temperature to settle (Le., thermal relaxation time) is very much longer than for silicon. Also, the specific heat data indicate that the energy required to increase the PMMA temperature a given amount is twice that required for silicon. 
Heat Source Calculation
X-ray absorbed dose rate in the assembly, computed using LEX-D v7.54, is converted to volumetric heat sources in materials bv a user subroutine imulemented in commercial software ABAQUS. Only the region of the material located &thin the instantaneous s w -i g window absorbs X-ray energy, so the average absorbed dose rate in each exposed material layer is calculated as
If ly-yol s 0.5 W h and 1x1 5 0.5 W,
If ly-y,l> 0.5 W,, or 1x1 > 0.5 W,
Here, the x-y plane is perpendicular to the exposure direction z, y is the wafer scanning direction, and yo is instantaneous central scanning position. Q(x, y, z) is the average volumetsic heat source at material point (x, y, z ) over the beam window height. Calculated from LEX-D, dDldt (x, y, z) is the average absorbed dose-rate over the whole scan-length at the material point (x, y, z) that depends on the exposure zone and the depth in the zone. S, W,, and W , are scan-length, beam window height and width, respectively. w is scan frequency, and F(t) is a dimensionless beam current factor changed with exposure time t.
Boundary and Initial Conditions
Heat transfer calculations were performed for the assembly (all nine components including cavity air and water block) by using ABAQUS v6.3. Four different boundary conditions are applied for this transient heat transfer problem: 1) heat radiates to the ambient from all outer surfaces, 2) natural convection along the top surface of mask holder, 3) forced convective heat transfer on the top surface of silicon mask resulted from two nitrogen cooling arrays, which will be elaborated in the next section, 4) optional fixed temperature boundary condition as ambient temperature (25 "C) at outer surfaces of the water-cooling block because observed water temperature can grow higher than room temperature during exposure. Initial temperature of all elements is the same as the ambient temperature.
The assembly was meshed into a mid-sized mesh with 3122 nodes, 1932 finite elements and 779 contact surface elements. The computing time for 5000 seconds of real time heat transfer is about two days on a SunBlade 1000 workstation.
Forced and Natural Convective Heat Transfer 
Results of Absorption Dose and Time Integration Heat Fluxes
The assembly temperature calculations for a 5000-second real time exposure at ALS 3.3.2 beam line with beam current decreasing from initial 262 mA to final 236 mA are summarized in the following:
Energy Absorption in the Mask-Resist Assembly Components Figure 9 gives the average surface absorption of each component (volumetric absorption multiplying thickness). The front plate, mask plate, mask absorber, and the silicon substrate (open region) have the highest absorption, followed by PMMA and the back plate (open region), and by mid-plate and all materials in masked regions. The mid-plate has relatively lower absorption, but it becomes a major pathway for heat flow, as will be shown later.
The average surface absorption on the open area of PMMA is about eight times smaller than that for the mask plate (50 times smaller in volumetric absorption), and PMMA has twice as large specific heat, so its temperature is not likely to rise greatly by absorption alone. The absorption on the masked area of PMMA is more than three orders of magnitude smaller than that of PMMA open area. 
Heat Conduction at Interfaces
Figure 10 gives cumulative time integrated heat conductive fluxes across interfaces. Here, good contact (no temperature jump) is assumed at each interface. We can see that the six highest curves are close to each other. They are fluxes between absorber and mid-plate, mask plate and absorber, back plate and water, mask plate and front plate, substrate and back plate, mid-plate and substrate. Followed are flux between PMMA and substrate, an order of magnitude lower, and the flux between mid-plate and back plate, two orders of magnitude lower. The computed results indicate that the main heat conduction path begins at mask plate and mask holder, then going sequentially through gold mask absorber, mid-plate, substrate, back plate and water. In addition, the substrate gives a small part of heat energy upward to PMMA, while most of the heat energy coming to substrate goes to back plate. However, this energy flow to PMMA from the substrate is important, because it is an order of magnitude larger than the PMMA X-ray absorbed energy. Besides, the mid-plate also losses little heat energy to the back plate. Therefore, if water cooling functions very well, then most of the heat energy coming to substrate and mid plate will be directed to back plate and then to water, so less heat energy will be conducted to the resist. Figure 11 shows the cumulative time integrated forced convective flux on mask plate surface due to nitrogen jets and natural convective flux on the mask holder surface. These convective fluxes carry the heat energy away from the corresponding surfaces. Also plotted are the X-ray average surface absorption on the mask plate and the front plate for comparison.
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Forced and Natural Convection Fluxes
It can be seen that nitrogen jets carry away a significant portion (about 40%) of silicon mask average surface absorption, while the effect of the natural convection is negligible compared with front plate absorption (less than 1 %). Thus, nitrogen-jet cooling is very efficient. Note that the min and max forced convective flux ranges is due to the oscillating mask temperature resulting from scanning. Figure 12 shows cumulative time integrated, net thermal radiation fluxes at each surface of inner cavity by choosing maximum radiated flux on a surface element at each surface. PMMA surface receives radiated heat fluxes from the bottom surfaces of mask plate and absorber, and from inner side and partial bottom surfaces of mid-plate because of its lower temperature. The radiation to the small substrate ring is ignored here. It can be seen from the curve values that radiated heat flux received by PMMA is three orders of magnitudes lower than the heat flux conducted from the substrate (Figurelo), and one order of magnitude smaller than the average X-ray surface absorption (Figure 9) . Therefore, it is not the major concern of PMMA temperature rise.
Thermal Radiation in Inner Cavity
Sources That Raise PMMA Temperature
In contrast to the mask plate temperature rise due to direct X-ray absorption, the PMMA temperature rise results from many sources. Figure 13 gives the various heat fluxes coming to the PMMA. The heat flux conducted upward from substrate is the highest among all sources. Heat flux conducted from the air inside the cavity is the second, followed by X-ray absorption in the open region, and heat radiated from the cavity. X-ray absorption in the masked area is several orders of magnitude lower. Although air has a small thermal conductivity, it has a large thermal diffusivity (see Table 2 ), and the thickness of this air layer is only 0.18 cm, so heat conduction from the heated mask and mask holder through the air layer to the PMMA is efficient. Note that the maximum and minimum range of heat conduction from the air layer is due to oscillating absorber and mask plate temperatures. T h e [SI Figure 13 . Absorption and cumulative heat fluxes to P M M A Based on the data shown in Figures 9-13 , the computed results can be summarized as follows: 1) nitrogen jets carry away a significant portion of the absorbed heat energy from the mask; 2) the temperature rise of the resist is not mainly due to X-ray absorption as in the common thought, but is due to heat conduction from other components in the assembly; 3) a better water-cooling substrate 'will absorb more heat along the main heat conductive path, reducing the heat flux conducted from substrate and cavity air to the resist.
Results of Maximum Temperature Examples
For temperature rise on each component of the assembly, we calculated several cases to compare with the available data. We are only interested in the time history of the maximum temperature at each component, instead of instantaneous temperature profiles. Case 1. Nitrogen jets were on. The assembly was exposed at ALS 3.3.2 beam line for 5000s with beam current changing from initial 262 mA to final 236 mA (witWwithout water temperature boundary conditions).
The boundary conditions include 1) forced convection by nitrogen jets (neglecting the influence of hutch ceiling fan), 2) thermal radiation from outer surface to ambient, 3) natural convection at assembly top surface, 4) fixed water-cooling block outer surface temperature as ambient temperature (25°C). Here, the initial water temperature is at room temperature, not at the originally designed temperature of 20°C. Figure 14 gives the maximum temperatures on each component. It can be seen that after initial temperature ramp-up quickly in the first few minutes, each maximum temperature reaches a temperature plateau, resulting from the effects of nitrogen jets, water block outer surface constant temperature, and beam current decreasing, in spite of some oscillations due to scanning. The temperature oscillation is gradually smoothed out by thermal diffusion along the exposure path. The maximum temperature of silicon mask and PMMA reach around 52°C and 26.5"C, respectively. Temperatures of the substrate and the back plate reach 25.5 "C, and the front and mid plate reach 34.5 "C. Mask and absorber temperature results were acquired at every 20 seconds, while all others at every 200 seconds because of smaller amplitudes, but the plot still filtered out many temperature oscillations including those of the mask that were not written to file due to the limited problem size. Figure 15 gives the curves resulting from the same calculation as in Figure 14 except for without the fmed water temperature condition on its outer surface. Now, each maximum temperature continues to rise linearly even with nitrogen jets cooling and beam current reducing because of the rising water temperature (cooling block did not work properly). Due to the small thermal diffusivity and the large length scale (4.5"). the thermal diffusion time scale of the water block is very large (no enough time for water to carry away all the heat) such that its outer surface temperature is higher than ambient temperature. It indicates the importance of water-cooling for reducing temperature rise in the assembly. Results show that after 5000 seconds, temperature rises 3 "C higher for mask, 6 "C higher for resist, substrate and back plate, and 4.5 "C higher for front and mid plate, compared with Figure 14 ; the water maximum temperature reaches over 30°C. Note that the results in both Figures 14 and 15 show how well the PMh4A temperature tracks the water cube temperature. If the water cooling block (and back plate) were running at the desired temperature of -2OC, we can imagine that all the curves in both figures might shift downwards -5C.
Experimental data acquired by the Sandia LIGA group (refer to next section) lies in between the above two results, in which the water temperature increases to 27"C, indicating the current water cooling block was not working properly at the time the experimental data were taken.
Case 2. Nitrogen jets were off. The assembly was exposed at ALS 3.3.2 beam line for 2880s
with beam current changing from initial 229 mA to final 216 mA, about 13% lower than in case 1. Fixed temperature water boundary condition was not applied. Figure 16 gives the maximum temperature on each component for case 2. It can be seen that the temperature of each component is rising including water temperature (to about 29°C). After 2880 seconds, the temperature rise is not very large compared to Figure 15 because of the lower beam current density even though the nitrogen jets were off. PMMA temperature rise is less than 5.1 "C. The mask and absorber reach 53 "C, the front and mid plate reach 38.08 "C, and the substrate and back plate reach 29.15 "C.
It is also interesting to note one influence of the nitrogen jets on-versus-off on the results in Figures 15 and 16 . In Figure 15 , with the jets on, but bad water-cooling, the average rate of temperature increase of the mask holder (front plate) and mid-plate is less than the rate of temperature increase of the back plate. This suggests that the jets are helping to cool the front of the assembly. In Figure 16 , this jet cooling is absent and the front, mid and the back plates all have about the same rate of temperature increase. As shown in Figures 14-16 , the maximum temperature of PMMA is higher than the silicon substrate. However, PMMA temperature is highly non-uniform due to its very low thermal conductivity and diffusivity. Temperature of PMMA top surface is higher than its bottom surface so that heat flux is able to flow from substrate upward to PMMA. The temperature of mid-plate is also non-uniform due to stainless steel's much lower thermal conductivity and diffusivity than that of the aluminum front and back plate. Temperature on the inner edge of the mid plate is much higher than its outer edge due to direct contact with absorber. Therefore, the mid plate transfers almost all its heat flux to substrate leaving only a little portion to the back plate, as shown in Figure 10 .
Comparison with Temperature Measurements
Temperature measurements of the mask-wafer assembly have been made at A L S 3.3.2 beam line on June 10,2003 [3] . Figure 17 shows the four-thermocouple locations used (#7 on the mask, #3 on the front plate, #2 on the back plate, #1 on the water cooling block). Two different thermo-couple arrangements were used (listed in the following text box). #2, #3 and #7 are shield from the direct X-ray beam by copper shielding to minimize TC heating by the direct X-ray beam, so that the temperatures of the components onto which they are connected temperatures would be measured better. However, due to the shielding, the very high oscillating mask plate peak temperatures were filtered out by copper with its high thermal conductivity, so only the lower end temperatures were recorded. Figure 18 (a)-(c) gives the measured temperature curves of these 4 locations for the computation cases 1 and 2. Case-1 measurement was conducted before 1:30 PM, while case-2 measurement was conducted after 1:30 PM. Since the data points were taken every second, the curves in Figure 18 (a) are too dense to resolve details. Thus, Figure 18 (b) and (c) show a little detail on an expanded time axis of case 1 and case 2. We can see the intense oscillating temperature due to the wafer scanning. In Figure 18 , the decreasing beam current density is also plotted against the right vertical axis, and thus, the case-2 experiment was under a lower beam current, which is proportional to the exposure power intensity.
The amplitude of oscillating temperature decreases from top to bottom of the assembly, as expected. The time period is the scan period of 11.40' s, and can be clearly identified in Figure 18 (b) and (c). Note that T2, T 3 and T7 are lower than the predicted maximum temperature curves of the back plate, front plate (mask holder) and the mask plate due to shielding, while T1 is close to predicted maximum temperature curve of the water cooling block. The water temperature in both cases rises higher than the ambient temperature, indicating the water-cooling was not working properly. It can be seen that the calculated maximum temperatures are comparable with measured data for case 2, and the measured data for case 1 lie in between the two calculations for case 1. Therefore, the estimated PMMA temperature lies between 26.5 to 30.50 "C in case 1 and
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around 30 "C in case 2 since it cannot be measured. Both measurements and calculations suggest the water-cooling should be improved to lower the mask and the resist temperatures. 
Summary and Discussion
We completed a thermal analysis on a LIGA mask-resist assembly exposed in air at the beam line 3.3.2 of A L S by developing a three-dimensional finite-element model of the assembly.
We employed the LIGA exposure software LEX-D (V7.54) to compute the X-ray absorption dose rate in the assembly, which serves as volumetric heat source in the assembly, and we used the commercial software ABAQUS (V6.3) to compute the heat transfer due to this heat source, including thermal conduction inside the assembly and across the material interfaces, natural and forced convection at the assembly top surfaces and thermal radiation in the inner cavity and from the assembly outer surface to the ambient.
The extent of temperature rise on the mask and the resist is our major interest. Heat transfer exchanges and redistributes the heat energy inside the assembly generated by X-ray absorption. The three metal plates become the important thermal conduction paths between the components, and some of their volume is also exposed to either incident or transmitted Xray. Therefore, the thermal analysis needs to be performed on the whole assembly instead of a single mask and a single resist.
Results of integration of interfacial heat fluxes reveal the heat transfer paths in the assembly, as shown in Figure 19 . The main path is sequentially from the front plate and mask plate through absorber to the mid plate, then to the substrate and back plate, finally to the water block. Two side paths are directed to the resist including one from the substrate backward to the resist, and the one from the mask plate and the absorber to the cavity air, and then to the resist. These two side paths are major contributors for the resist temperature rise. Results also show forced convection due to nitrogen jets carries away a significant portion of the surface absorbed energy at the mask, while natural convection heat transfer is more than an order-ofmagnitude smaller.
During exposure, the local temperatures are highly non-uniform in the assembly at any instant due to wafer scanning. Therefore, the maximum temperature over all locations of the assembly is more appropriate than an instantaneous temperature profile of the assembly to address the assembly temperature rise. Results of assembly maximum temperatures are comparable with temperature measurements conducted at ALS 3.3.2 beam line for both on and off nitrogen jet cases.
In summary, the temperature rise in the silicon mask plate comes directly from the X-ray absorption, as expected, but nitrogen jets carry away a significant portion of the heat energy. Surprisingly, the temperature rise in PMMA resist results mainly from heat conducted from substrate backward to the resist, and from cavity air forward to the resist, while the contribution from X-ray absorption is only secondary and that from assembly inner cavity radiation is negligibly small. Therefore, an ideal water-cooling block (for example, always at 20T) attached at the back plate acts as a heat sink that will absorb most of the heat energy along the main conductive path, leaving negligible heat energy directed to the resist from substrate and cavity air so that the resist will stay at its working temperature. Since the current water-cooling did not function properly at the time of the experimental data taken (at room temperature initially and growing higher later), the assembly may be cooled better without the water block. A very long thermal diffusion time scale of the water (results from its lower thermal diffusivity than air (see Table  3 ) and it's large volume) makes the heat transfer very inefficient when the initial water temperature is not low enough, as in the examples. If the front plate touched the mid-plate at the side in the sample instead of leaving a gap as in the current design, there would be another direct thermal conductive path to diffuse heat from the front plate directly through the mid and back plate into the water. Figure A1 gives the ALS beam lines "clock diagram" [6] showing the storage ring and all beam lines, in which three bend-magnet beam lines for LIGA exposure are located at the lower left comer. The beam energy is 1.894 GeV. The beam line 3.3.2 we used in sample exposure is a bend magnet beam line that emits synchrotron x-rays at a horizontal angle of 7 mad, so at a beam length distance of 18.1 m, the horizontal acceptance is 10.94 cm (beam width) and the beam height is 1.16 cm. 
Beam line 3.3.2 in ALS
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The power output of beam line 3.3.2 is about 38.26 mW/m/mA, the photon energy range is around 1 to 20 keV, and the peak photon flux occurred approximately at 10 keV-photon energy (as sketched in the small sketch). The average operation beam current density is around 280 mA from a periodic pattern, i.e., beam current decreases exponentially from 400 mA down to 180 mA in about eight hours. The assembly is sitting on a linear stage that scans up and down vertically in front of the Xray beam tube inside a hutch, as shown in Figure 3 . The modeling adopted a typical scan length of 8.2 cm, which, together with the 10.94 cm beam width covers a 10.94 X 8.2 cm2 exposure surface area. In this case, the scanning period is 1 1.49 s including the time to turn around (scan speed is about 1.5 c d s ) . Figure A4 sketches the scanning time history pattern on the assembly, plotted over time axis and wafer vertical axis. 
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